ABSTRACT Nootkatone is a component of grapefruit oil that is toxic to the disease-vectoring tick, Ixodes scapularis Say, but unfortunately causes phytotoxicity to treated plants and has a short residual activity due to volatility. We prepared a lignin-encapsulated nootkatone formulation to compare with a previously used emulsiÞable formulation for volatility, plant phytotoxicity, and toxicity to unfed nymphs of I. scapularis. Volatility of nootkatone was measured directly by trapping nootkatone vapor in a closed system and indirectly by measuring nootkatone residue on treated Þlter paper after exposure to simulated sunlight (Xenon). After 24 h in the closed system, traps collected only 15% of the nootkatone applied as the encapsulated formulation compared with 40% applied as the emulsiÞable formulation. After a 1-h light exposure, the encapsulated formulation retained 92% of the nootkatone concentration compared with only 26% retained by the emulsiÞable formulation. For plant phytotoxicity, cabbage, Brassica oleracea L., leaves treated with the encapsulated formulation expressed less necrosis, retaining greater leaf weight compared with leaves treated with the emusiÞable formulation. The nootkatone in the emulsiÞable formulation was absorbed by cabbage and oat, Avena sativa L., plants (41 and 60% recovered 2 h after application, respectively), as opposed to 100% recovery from the plants treated with encapsulated nootkatone. Using a treated vial technique, encapsulated nootkatone was signiÞcantly more toxic to I. scapularis nymphs (LC 50 ϭ 20 ng/cm 2 ) compared with toxicity of the emulsiÞable formulation (LC 50 ϭ 35 ng/cm 2 ). Thus, the encapsulation of nootkatone improved toxicity for tick control, reduced nootkatone volatility, and reduced plant phytotoxicity.
Lyme disease continues to be one of the most commonly reported tick-associated diseases in the United States, with nearly 30,000 conÞrmed cases reported to the Centers for Disease Control and Prevention (CDC) in 2009. Lyme disease is caused by the bacterium Borrelia burgdorferi, normally associated with mice, squirrels, chipmunks, shrews, and other small mammals, but it can be passed to humans by the bite of infected blacklegged ticks, Ixodes scapularis Say. Ticks also carry pathogens causing other diseases in humans, which include Rocky Mountain spotted fever, ehrlichiosis, anaplasmosis, babesiosis, and southern tick-associated rash illness. Other common tick vectors include the lone star tick, Amblyomma americanum (L.), and the American dog tick, Dermacentor variabilis (Say).
Effective tick control in natural and urban environments is important to minimize the risk of contracting tick-borne disease pathogens. The sensitivity of these environments limits the pool of potential acaricidal products that can be applied to control endemic tick populations. The desires to maintain species diversity in natural environments and to minimize exposure to toxins among residents and pets in peridomestic environments generally discourage the application of broad spectrum toxic chemical acaricides. Unfortunately, alternatives that provide both selective control of ticks and are safe to people and pets are limited.
Nootkatone is a chemical component of the essential oil available as an extract from grapefruit, Citrus paradise Macfadyen, and other natural and synthetic sources (Fraatz et al. 2009 ). Natural plant sources include grapefruit (Moshonas and Shaw 1971) ; vetiver grass, Chrysopogon zizanioides L.; Alaskan yellow cedar, Callitropsis nootkatensis (D. Don) (Nix et al. 2003) ; pummelo, Citrus grandis (L.) Osbeck (Sawamura and Kuriyama 1988) ; and potentially other plant sources. Synthetically produced nootkatone is commonly used in the food, cosmetic, and pharmaceutical industries (Fraatz et al. 2009 ). Recently, nootkatone was shown to be toxic to arthropods (Miyazawa et al. 2000 , Miastrello et al. 2003 , Ibrahim et al. 2004 , and speciÞcally against ticks (Panella et al. 2005 , Dolan et al. 2009 , Flor-Weiler et al. 2011 . The ability of natural products to kill arthropods at relatively low concentrations represents an alternative to the use of synthetic pesticides for control of disease vectors (Panella et al. 2005) . Thus, there is the potential to develop new tick control products that address critical concerns associated with urban and natural environments. Panella et al. (2005) demonstrated that low concentrations of nootkatone effectively killed I. scapularis, with LC 50 concentrations as low as 0.0029%. Subsequent research expanded the range of target ticks to include brown dog tick, Rhipicephalus sanguineus (Latreille); American dog tick; and lone star tick, each killed with similarly low concentrations of nootkatone (Flor-Weiler et al. 2011) . Field applications of nootkatone veriÞed the potential efÞcacy of treatments for tick control (Dolan et al. 2009 ). Dolan et al. (2009) demonstrated relatively quick knockdown and signiÞcant initial control of targeted tick species when nootkatone was applied as an emusiÞ-able formulation. The emulsiÞable formulation (consisting of nootkatone oil, limonene, and surfactant) did not provide residual activity because live ticks were recovered from treated areas within 7Ð14 d after application. Many factors may affect the residual activity of the treatment. Nootkatone is volatile and some is simply lost as vapor. Nootkatone also may be absorbed by treated substrates such that it is no longer available to contact the targeted ticks. Also, photolysis may convert nootkatone to inactive molecules (Stevens and Scherer 1968) . These factors may combine to rapidly reduce the concentration of the nootkatone, resulting in the short residual activity observed by Dolan et al. (2009) .
Developing formulations to encapsulate nootkatone may greatly reduce the losses due to environmental exposure and maintain a signiÞcant residual concentration of nootkatone to extend the chemicalÕs activity. We screened several methodologies to encapsulate nootkatone. The following reports one technique to encapsulate nootkatone in lignin using a spray-drying process, which was originally developed to encapsulate and protect beneÞcial microbes from degradation by sunlight (Tamez-Guerra et al. 2000a,b) . We also report on experiments demonstrating improved resistance to volatility, reduced plant phytotoxicity, and improved acaricidal activity against I. scapularis for the encapsulated formulation when compared with the emulsiÞable formulation.
Materials and Methods
All experiments were conducted at the National Center for Agricultural Utilization Research, Agricultural Research Service, USDA, Peoria, IL. The source for nootkatone used for all experiments was 50% active ingredient in oil (nootkatone fraction) purchased from Florida Chemical Company, Winter Haven, FL. The emulsiÞable formulation with a Þnal nootkatone concentration of 25% (wt:wt) was deemed to be the standard formulation for comparison. It consisted of 50% (wt:wt) nootkatone oil, 25% (wt:wt) d-limonene (Florida Chemical Company), and 25% (wt:wt) E-ZMulse surfactant (Florida Chemical Company).
The spray-dried lignin-encapsulated formulation was produced by adapting techniques reported previously (Tamez-Guerra et al. 2000a,b; Arthurs et al. 2006; Behle et al. 2006) . Ingredients included sodium lignin solution (PC-1307, Westvaco, Charleston Heights, SC) containing 27% (wt:wt) lignin, nootkatone oil, E-Z-Mulse surfactant, and calcium chloride dihydrate (Sigma-Aldrich, St. Louis, MO). The following procedure was used to prepare a 1.12-kg mixture of dryer feed stock expected to contain 12.3% (wt:wt) solids and thus provide an expected 140.8 g of product when dried. Lignin solution (222 g of liquid ϭ 60 g of lignin solids) was diluted with water (378 g) to create a 10% (wt:wt) lignin solution. In another container, nootkatone oil (60 g of 50% oil, providing 30 g of nootkatone) and E-Z-Mulse surfactant (12 g) were added to 360 g of water and mixed using a magnetic stir bar. Nootkatone was emulsiÞed by sonication using an ultrasonic processor (model GEX 750, Thomas ScientiÞc, Swedesboro, NJ) for 90 s at 60% amplitude. After sonication, the nootkatone emulsion was added to the lignin solution and mixed by stirring with a magnetic stir bar. Finally, calcium chloride dihydrate (8.8 g) was dissolved in 80 g of water and then added to the ligninÐnootkatone mixture while stirring. This feed stock was dried in a Niro atomizer (Niro, Columbia, MD) spray dryer at 30 ml/min feed rate, 120 Ð125ЊC inlet temperature, 70 Ð 80ЊC outlet temperature, and 5.8 bar atomizer pressure. The Þnal product was a dry powder expected to contain 21.3% nootkatone. Eight batches of feed stock were prepared consecutively and dried to estimate potential production yields of the encapsulation process. The Þnal concentration of nootkatone was determined by gas chromatography (GC; see below). Unless otherwise stated, all subsequent calculations reported here are based on the expected 21.3% (wt:wt) nootkatone in the lignin-encapsulated formulation.
GC Analysis for Nootkatone. GC was conducted on a HewlettÐPackard 6890 instrument equipped with ßame-ionization detection. Samples (1 l) were injected in splitless mode and separated using a DB-5 30-m, 0.25-mm-i.d., 0.25-m Þlm thickness column (Aglient Technologies, Inc., New Castle, DE). Temperature program was from 50 to 280ЊC at 15ЊC/min. Carrier gas was helium (15.9 ml/min). Nootkatone concentration was quantiÞed by the adding 10 l of pentadecane (1.00 g/l) as an internal standard to each sample. Because the internal standard underestimated nootkatone concentrations, we developed a standard curve based on Þve known concentrations between 25 and 125 g. The resulting correction equation was as follows:
where Y is Þnal nootkatone amount (micrograms), and X is nootkatone amount determined by GC based on the internal standard. Nootkatone concentrations in formulations were determined by solvent extraction. The lignin formulation produced by spray drying required high alkaline conditions to dissolve and release entrapped nootkatone. Both samples, lignin encapsulated and emulsiÞ-able concentrate, were subjected to the following procedure for nootkatone extraction. For GC analysis, formulation samples were measured to provide 100 g of nootkatone per injection and were placed in 1.5-ml polypropylene microcentrifuge tubes (Bio Plas Inc., San Rafael, CA). Each formulation sample was mixed with 0.25 ml of 1 M sodium hydroxide solution. Once the lignin dissolved, hexane (1 ml) and internal standard (10 g) were added, and the sample was mixed vigorously for 1 min by using a vortex. The samples were centrifuged (centrifuge model 5804R, Eppendorf, Hamburg, Germany) at 10,000 rpm for 5 min, and the upper hexane layer for each sample was transferred to an individual Target DP vial (C4000-IW, National ScientiÞc, Rockwood, TN) for GC analysis.
Nootkatone Formulation Volatility. Volatility of nootkatone from formulations was determined using two laboratory techniques. The Þrst technique directly measured nootkatone collected by volatile traps, and the second technique measured residual nootkatone concentration on Þlter paper after exposure to simulated sunlight. The samples tested included the emulsiÞable formulation and the ligninencapsulated formulation.
For the direct measurement, the procedure generally followed methods described by Cossé et al. (2002) . Each formulation sample (emulsiÞable and encapsulated) was mixed with water to contain 100 g of nootkatone in 100 l of mixture. Then, 100-l portions for each formulation sample were applied to each of 30 glass microscope coverslips (18 by 18 mm). This provided six samples of each formulation for collection after 0-, 24-, 48-, 72-, and 144-h exposures. Samples on coverslips were air-dried at room temperature. Nootkatone-treated coverslips were placed individually into 50-ml ground glass Erlenmeyer ßasks (Ace Glass Inc., Vineland, NJ), and each ßask was Þtted with an adapter (Ace Glass Inc.) designed with two ports. Both ports were Þtted with volatile traps held in place with 5-mm-diameter Teßon tubing. Traps were made from 5-mm-diameter glass tubing and contained a 5Ð 8-mm plug of Super-Q porous polymer (80 Ð100 mesh, Alltech Associates, Inc., DeerÞeld, IL). The Super-Q was held in place between a Þne stainless steel screen and a glass wool plug. Nootkatone released from samples in each ßask was collected by placing a gentle vacuum on one of the traps so that air ßowed from the ßask through the trap at Ϸ100 standard cubic centimeters per minute as measured by a digital ßowmeter (Digital Flow Check, Alltech Associates, Inc.). Air ßow through each ßask was controlled by individual inline needle valves. The other trap served to clean the air as it entered the sample ßask. This collection system was maintained at 28ЊC by placing the entire apparatus in an I24L incubator (Conviron, Winnipeg, MB, Canada). After speciÞed collection times, nootkatone was recovered by rinsing each trap with Ϸ1 ml of dichloromethane. Solvent with nootkatone was collected in sample Target DP vials, and internal standard was added. In addition to determining the amount of nootkatone collected by the volatile trap, the remaining amount of nootkatone on each slide was determined by solvent extraction. After each exposure period, coverslips were placed in individual 25-ml beakers, into which 5 drops of 1 M sodium hydroxide (Ϸ0.13 g) was added to each sample. Coverslips were then rinsed with hexane (1 ml), and internal standard was added. Each sample was transferred to individual microcentrifuge tubes, and the procedure followed the step described previously under GC Analysis for Nootkatone. Nootkatone volatility was calculated by dividing the amount collected by the volatile trap compared with the total amount of nootkatone (amount collected by the trap plus the amount extracted from the corresponding coverslip).
For the second (indirect) technique to measure nootkatone volatility, formulation samples were applied using an airbrush aspirating sprayer to No. 1 Whatman Þlter paper (9 cm in diameter, Whitman International Ltd., Maidstone, England) at a concentration of 200 g nootkatone/cm 2 . Treated Þlter papers were air-dried. Samples were taken from treated Þlter paper before light exposure by using a holepunch to remove three disk samples from each treated paper, and each disk was placed into individual microcentrifuge tubes. Nootkatone was extracted by adding 0.13 ml of 1 M sodium hydroxide solution, 1 ml of hexane, and internal standard. Each tube was vortexed for 1 min and centrifuged for 5 min at 10,000 rpm. The upper hexane phase was transferred to a target vial for analysis by GC to determine the preexposure concentration of nootkatone. The treated Þlter papers were exposed to simulated sunlight using a Heraeus Suntest CPS machine, (Atlas Electrical Devices Company, Chicago, IL), and disk samples were collected after 1, 2, and 3 h of xenon light exposure. Residual nootkatone concentrations were determined as described above. Air temperature in the Suntest machine was measured with a thermometer at 30 Ϯ 2ЊC for the 3 h of exposure. The percentage of nootkatone lost was calculated based on the concentration determined for the samples collected before light exposure.
Nootkatone Availability/Absorption and Plant Phytotoxicity. Two nootkatone formulations were applied to plants to compare formulation treatments for nootkatone availability/absorption and three formulations were evaluated for plant phytotoxicity (see below). To determine availability/absorption, the emulsiÞable and the lignin-encapsulated formulations were diluted with water to a concentration of 100 g of nootkatone per 20-l volume. Diluted formulations were applied to glass coverslips (control) and leaves of 3-wk-old cabbage, Brassica oleracea L. ÔBravo F1Ј, and 7-d-old oat, Avena sativa L., plants. For each formulation, 20 l was applied to three oat leaves, three cabbage leaves, and three glass coverslips, which were considered as subsamples. Treatment applications were replicated three times on separate days (n ϭ 3). Treated leaves were allowed to air dry at room temperature for 2 h. After drying, treated leaf sections and coverslips were placed individually in 30-ml beakers. Sodium hydroxide (0.25 g of 1 M) was added to each beaker followed by 1 ml of hexane and internal standard. Samples were mixed by swirling the beakers for 30 s. Liquids were transferred to microcentrifuge tubes and centrifuged for 5 min at 10,000 rpm. The hexane phase from each sample was transferred to target vials for analysis by CG. Data were subjected to analysis of variance (ANOVA) by using Proc GLM (SAS 8.0, SAS Institute, Cary, NC), with replications, formulation, and substrate as the main effects. Because of signiÞ-cant interactions between formulation and substrates, the data were Þrst analyzed separately for each formulation, and the substrate means were separated by the Bonferroni t-test option. The data also were analyzed separately for each substrate to compare between formulations, which were separated using the least signiÞcant difference (LSD) option.
Cabbage plants were used to observe phytotoxicity caused by treatments with the emulsiÞable formulation, encapsulated formulation and the "feed stock" (encapsulated formulation before spray drying). The feed stock formulation was included as an alternative control to demonstrate the beneÞt of reduced plant phytotoxicity provided by encapsulating the nootkatone by spray drying rather than simply adding ingredients. Plants were grown in a greenhouse for 3 wk before use. Circles (3.8 cm in diameter ϭ 11. 4 cm 2 ) were marked on large leaves with a felt-tipped marker (four treatments ϫ Þve concentrations ϫ six replications ϭ 120 circles). EmulsiÞable and encapsulated nootkatone treatments were diluted in water to 5.7, 11.4, 22.8, 45.6 , and 72.9 mg nootkatone/ml. Then, 0.025 ml was applied to circles to provide concentrations of 0.125, 0.25, 0.5, 1.0, and 1.6 g nootkatone/m 2 . The high concentration of the nootkatone was comparable with an application rate of 1.6 g nootkatone/m 2 applied in the Þeld by Dolan et al. (2009) . Because the feed stock formulation was more dilute (26.8 mg/ml) compared with the other formulations, a greater volume of sample was applied to each leaf disk as necessary to provide the same Þnal concentrations of nootkatone. A water only treatment was included as a control. Each formulation by concentration treatment was applied to six leaf circles to provide six replications. Treatments were spread with a glass rod over the leaf circle and held at room temperature for 48 h. After 48 h, treated leaf circles were visually evaluated for the percentage of the treated circle that was chlorotic (damage percentage). Then, a 2.0-cm-diameter (3.1-cm 2 ) sample was excised from the center of the disk and weighed. Damage and weight data were subjected to ANOVA by using Proc GLM (SAS 8.0), with formulation and concentrations as the main effects. Because of signiÞcant interactions between formulation and concentrations, the data were analyzed separately for each concentration. Formulation means were separated by TukeyÕs studentized range test option.
Toxicity of Formulated Nootkatone to I. scapularis. The techniques used to determine toxicity of formulation samples were described by Flor-Weiler et al. (2011) . Unfed nymphs of I. scapularis were procured from the Tick Rearing Facility, National Tick Research and Education Resource, Department of Entomology and Plant Pathology, Oklahoma State University, Stillwater, OK. Different concentrations of the emulsiÞ-able formulation and encapsulated formulation were tested on unfed nymphs in laboratory bioassays. Five serial dilutions of nootkatone were made ranging from 0.008 to 0.0005% (wt:vol) nootkatone. Water was used to dilute the emulsiÞable and lignin formulation samples. Four-dram vials (27.25 by 67 mm, Fisherbrand) were coated in the inside by adding 0.5 ml of sample, which was expected to provide concentrations of 1,280, 640, 320, 160, and 80 ng/cm 2 . Vials were placed on their side on a roller (Bellco Biotechnology, Bellco Glass, Inc., Vineland, NJ) and rolled in the fume hood until dry, Ϸ4 h. Two vials were treated with each concentration such that one was used for tick exposure, and one vial was capped for determination of the actual nootkatone concentration.
For the bioassay, ten nymphs were introduced into a vial for each concentration of nootkatone and the vials were then capped with a piece of cotton fabric secured with a rubber band and Þnally covered with aluminum foil. A water only treatment was included as control. Bioassays were repeated over 5 d to serve as replication. Thus, 50 ticks were exposed to each formulation by nootkatone concentration treatment, 250 ticks per formulation. Tick mortality was recorded 24 h after initial exposure to the nootkatone-coated vials. Ticks were considered alive when they exhibited normal behavior, and considered moribund or dead when they were incapable of movement, failed to maintain normal posture, were unable to right themselves, or had no sign of life (remaining motionless when prodded).
Nootkatone was extracted from duplicate vials to determine the exposure concentration for the ticks. For the emulsiÞable and encapsulated formulations, 15 drops (Ϸ0.4 g) of 1 M sodium hydroxide were added to each vial to dissolve the formulation before adding the hexane and internal standard. The vials were then rolled for 30 Ð 40 s to completely dissolve nootkatone into the hexane. The hexane layer was transferred into a sample target DP vial (C4000 Ð 80W, National ScientiÞc) by using a Pasteur pipette for GC analysis.
DoseÐresponse results obtained in bioassays were subjected to probit analysis using Polo Plus, Version 1.0 (LeOra Software, Petaluma, CA) to calculate the LC 50 , LC 90 , slope, and 95% conÞdence interval. Toxicities of nootkatone treatments were considered signiÞcantly different based on 95% CL of the lethal dose ratio (Robertson and Preisler 1992) , such that conÞ-dence limit associated with the ratio that encompassed a value of one were considered nonsigniÞcant. The SDs of mean nootkatone concentrations from treated vials were determined using Excel 2007 (Microsoft, Redmond, WA). Mortality data were subjected to probit analysis by using both the expected concentration of nootkatone applied to the vials, and the actual nootkatone concentrations determined by GC.
Results

Encapsulation Process and Nootkatone Volatility.
The procedure reported here successfully encapsulated nootkatone oil forming a dry powder after spray drying. In total, 922 g of product was produced by eight consecutive batch runs (1,116 g expected), for a recovery rate of 82.6%. The product contained 83.27 Ϯ 12.96% (mean Ϯ SD) of the expected concentration of nootkatone. Thus, the Þnal product contained 17.9% nootkatone (wt:wt) and showed some loss of the volatile nootkatone during the drying process. Unless otherwise stated, calculations for applications of the encapsulated formulation were based on the expected 21% (AI) concentration and accounts for many of the low concentrations determined by chemical analyses throughout this article.
The volatility of nootkatone from formulation samples was directly measured using controlled conditions and measuring the amount of nootkatone collected with volatile traps and remaining on treated coverslips. Nootkatone volatilized faster from the emulsiÞable formulation than from the lignin formulation (Fig. 1) . The exponential regression equations Þt the data well (R 2 Ͼ 0.98) to express the loss of nootkatone. These equations predict half-lives of 30 and 43 h for the emulsiÞed formulation and encapsulated formulations, respectively.
Formulating nootkatone by encapsulation greatly reduced losses when applied to Þlter paper (indirect measurement based on residue remaining) and exposed to simulated sunlight (Fig. 2) . Both formulations lost nootkatone during the 3-h exposure to the xenon light source. However, the emulsiÞable formulation retained only 26% of the nootkatone after 1 h of exposure, signiÞcantly less (F ϭ 88.28; df ϭ 1, 4; P Ͻ 0.0007) than the lignin treatment that retained 92%. After 3 h of exposure, samples retained 12 and 63% of the original nootkatone concentration for the emulsiÞable and encapsulated formulations, respectively. 2 . Residual nootkatone applied to Þlter paper as emulsiÞable or encapsulated formulations and exposed to xenon light for 0, 1, 2, and 3 h. Error bars signify SD of the sample mean, letters (A and B) signify signiÞcant differences between formulations for each exposure time (F Ͼ 22.6; df ϭ 1, 4; P Ͻ 0.01; LSD test).
Although photolysis of nootkatone may have contributed to the losses observed with exposure to xenon light, there were no additional peaks on the chromatograms to support a change in chemistry.
Nootkatone Availability/Absorption and Plant Phytotoxicity. In an effort to evaluate the potential for nootkatone to be absorbed by plant tissue, treatments were applied to cabbage and oat leaves. Two hours after application of the emusiÞable nootkatone, surface rinsing with solvent recovered 60 and 41% from cabbage and oat leaves, respectively, which was signiÞcantly (F ϭ 14.01; df ϭ 2, 24; P Ͻ 0.0001) less than the nootkatone recovered from the glass coverslip (Table 1) . However, the amount of nootkatone recovered from leaves treated with the encapsulated formulation were not signiÞcantly different (F ϭ 0.02; df ϭ 2, 24; P ϭ 0.98) compared with the amount recovered from the coverslips and was considered to represent 100% recovery. When comparing formulations applied to coverslips, the amount of nootkatone recovered was not signiÞcantly different (F ϭ 0.70; df ϭ 1, 16; P ϭ 0.42). Yet when applied to oat or cabbage leaves, the amount of nootkatone rinsed from the leaves was signiÞcantly (F Ͼ 5.25; df ϭ 1, 16; P Ͻ 0.04) less for the emulsiÞable formulation compared with the amount from the encapsulated formulation.
Encapsulating nootkatone reduced phytotoxicity. All nootkatone-treated plants showed chlorosis, necrosis, or both, of treated leaf tissue, and damage was limited to the treated area. The only nootkatone treatment that was not signiÞcantly different from the water control was the lowest concentration of the encapsulated formulation (Table 2 ). The emusiÞable formulation caused signiÞcantly (F Ͼ 9.62; df ϭ 3, 20; P Ͻ 0.0004) greater damage than the encapsulated formulation at each of the three lowest nootkatone concentrations. The greater damage observed for the emulsiÞable formulation treatments was supported by lower weights for excised leaf-disk samples from treated leaf tissue (Table 3) . Leaf samples treated with 0.25 and 0.5 g/m 2 concentrations of the encapsulated formulation weighed signiÞcantly (F Ͼ 14.19; df ϭ 3, 20; P Ͻ 0.0001) greater than those treated with corresponding concentrations of the emulsiÞable formulation. Damage percentages and weights were not different among formulations applied at the highest nootkatone concentrations (1 and 1.6 g/m 2 ). Toxicity of Formulated Nootkatone. Applying aqueous formulations to the vials resulted in concentrations at Ϸ40% of the expected nootkatone concentrations added to the vials (Table 4 ). This loss was the result of hours of drying and veriÞed with unformulated nootkatone (R.W.B., unpublished data). Thus, LC 50 values were calculated based on both expected and measured nootkatone concentrations (Table 5) . When based on the expected concentration of nootkatone applied to the vials (Table 5) , the emulsiÞable formulation was less toxic compared with the encapsulated formulation (LC 50 ratio ϭ 1.25; 95% CL, 1.02Ð 1.54). Evaluating the mortality data for unfed tick nymphs based on measured concentrations also showed the encapsulated formulations was more toxic than the emulsiÞed formulation (LC 50 ratio ϭ 1.75; 95% CL, 1.10 Ð2.78).
Discussion
Nootkatone is a chemical component of essential oil often used to provide ßavor or fragrance to commercial products and has potential to provide relatively safe control of ticks in urban and environmentally sensitive ecosystems. We have developed Means in a row followed by the same letter are not signiÞcantly different (P ϭ 0.05; TukeyÕs studentized range test; n ϭ 6). Means in a column followed by the same lowercase letter were not signiÞcantly different (P ϭ 0.05; Bonferroni t-test; n ϭ 3); means in a row followed by the same uppercase letter were not signiÞcantly different (P ϭ 0.05; LSD test; n ϭ 3). Means in a row followed by the same letter are not signiÞcantly different (P ϭ 0.05; TukeyÕs studentized range test; n ϭ 6). an encapsulated formulation to address two concerns related to the application of nootkatone, speciÞcally short residual activity (Dolan et al. 2009 ) and plant phytotoxicity (A.B. and K.C.S., unpublished data). We successfully encapsulated the 50% (AI) oil to form a dry powder with a Þnal nootkatone concentration expected to be near 21% (wt: wt). When extracted and measured by GC analysis, the lignin encapsulated product was determined to be 17.9% (wt:wt). This 35% loss of active ingredient could be reduced by improvements in the mechanical processing systems. The dryer used here simply collected product in a jar, and the temperature of the product in the jar was expected to be near the outlet temperature (65ЊC) for the duration of the drying process for each batch (near 40 min). Industrial dryers often have mechanical air-lock systems to continuously remove product from the dryer to avoid extended exposure to dryer temperatures. By encapsulating the active agent, we successfully reduced the rate of volatility as demonstrated by less direct volatility measured with volatile traps and greater residual amounts of nootkatone after simulated sunlight exposures in the laboratory. Other mechanisms of degradation such as photolysis (Stevens and Scherer 1968) could be contributing to the loss of nootkatone exposed to the xenon light source. Regardless of the mechanisms contributing to loss of nootkatone, the beneÞts of the encapsulated formulation were demonstrated by the retention of nootkatone after exposure. Slowing the rate of nootkatone loss from treated substrates will result in longer persistence of effective concentrations after application with the potential to improve pest control.
Phytotoxicity expressed by plants treated with emulsiÞable formulation of nootkatone represents a major hurdle for the successful development of this tick control strategy. Encapsulating nootkatone reduced necrosis of treated cabbage leaves. Simply adding the ingredients (dryer "feed stock" formulation without spray-drying), did not prevent phytotoxic damage when compared with the emulsiÞable formulation. We demonstrated that encapsulation by spray drying prevented the absorption of the nootkatone oil by plant leaves by recovering of 100% of the nootkatone applied as the encapsulated formulation to cabbage and oat leaves. By contrast, only 60% of the nootkatone applied as the emulsiÞable formulation was recovered by surface rinsing of cabbage leaves. The losses measured here for the emulsiÞable formulation were probably not due to volatility because the exposure time was relatively short (2 h) and because the treatments to leaves were compared with treatments to nonabsorbing glass coverslips held under the same conditions.
Effective encapsulation of nootkatone could prevent contact by the intended target pests. Yet, toxicity assays against nymphs of I. scapularis by using treated vials demonstrated improved acaricidal activity compared with the emulsiÞable formulation. Also, the toxicity of the encapsulated nootkatone had an estimated LC 90 of 627 ng/cm 2 , which is Ϸ20ϫ less than the lowest concentration applied to the plant leaves (0.125 g/m 2 ϭ 12,500 ng/cm 2 ), an application level which did not cause signiÞcant phytotoxicity damage to the cabbage leaves. These data suggest that there is an application rate of encapsulated nootkatone that is low enough to avoid phytotoxicty but high enough to provide effective tick control.
Production losses resulted in lower than expected concentrations of nootkatone in the Þnal encapsulated product. It is likely that additional research to improved processing techniques can reduce these losses by alterations in the formulation composition, equipment choices, or both. Yet, the beneÞts of encapsulation, demonstrated here as extended residual concentration after application may outweigh this loss. Field trials are underway to evaluate the potential of the encapsulated formulation for effective tick control under typical homeowner conditions. 
